Spontaneous, subthreshold fluctuations of membrane potential are recorded in the eccentric cell body or dendrite of the dark-adaptedLimulus ommatidium. These slow potential fluctuations (SPF's) are random in amplitude and in time of occurrence. The relation between average frequency of SPF's and light intensity is linear for low light intensities and becomes a non-linear saturation for higher intensities. The occurrences of SPF's have Poisson statistics in the dark but are non-Poisson with light stimuli. Light-adapting the ommatidium greatly decreases the SPF amplitude, and it increases the average frequency of SPF's in the dark and in response to light (facilitatory action). The shape (time course of response) of the SPF does not change at different light intensities and it is the result of a concurrent and conterminous change in membrane resistance. The functional properties of the SPF's are analyzed in terms of a stochastic model based on the summation of random events in time ("shot effect").
INTRODUCTION
Spontaneous, random, subthreshold electrical activity occurs in a wide variety of neurons and neuroeffector junctions. There are spontaneous synaptic potentials found in central and sympathetic neurons in a number of vertebrate (Brock et al., 1952; Katz and Miledi, 1962; Granit and Phillips, 1956; Nishi and Koketsu, 1960) and invertebrate (Kerkut and Thomas, 1963; Tauc, 1958; Kusano and Hagiwara, 1961) animals. The occurrence of spontaneous miniature end-plate potentials in a variety of vertebrate and invertebrate animals (Fatt and Katz, 1952; Boyd and Martin, 1956; del Castillo and Katz 1956; Liley, 1956; Dudel and Kuffler, 1961) has been reported. In a photoreceptor, the lateral eye of the arthropod Limulus, there occur spontaneous subthreshold fluctuations of the eccentric cell membrane potential (Yeandle, 1957 (Yeandle, , 1958 Fuortes, 1959 a; Fuortes and Yeandle, 1964) . 1 The occurrence of such a phenomenon in at least this one type of receptor, and the fact that such activity also occurs in other types of neurons in many vertebrate and invertebrate animals, raise the possibility that the phenomenon occurs in other receptors. At the present time, there has been no direct evidence reported which confirms this possibility. This paper is a report on some of the results of research on the spontaneous slow potential fluctuations (SPF's) in the Limulus photoreceptor. One of the purposes of this research was to study in greater detail than had been done by previous workers, the physiological properties of the photoreceptor which give rise to the SPF and to study the functional relationships between the SPF and various forms of stimuli to the receptor. The results reported in this paper deal primarily with these physiological properties and functional relationships. Another purpose for this research was to investigate the extent of the apparent analogy between these SPF's and shot noise in photomultiplier tubes 2 and, depending on the outcome of that investigation, to apply the mathematical theory of shot noise to a quantitative description of the SPF's.
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METHODS
The preparation consisted of an excised lateral eye of Limulus which was sectioned so as to reveal a layer of ommatidia and which was placed in cold (10°C) sea water. A detailed account of the morphology of the lateral eye has been given by Miller (1957) . The electrical activity within the various elements of a single ommatidium was recorded by means of an intracellular micropipette electrode filled with 3 M KC1. The location of the electrode was inferred from the form of the activity recorded, as has been described by Fuortes (1958) and others.
Light and current stimuli were used in various experiments. The light source was an incandescent tungsten lamp of the type used for microscope illumination. The light was directed onto the entire eye and fine adjustments of light intensity were made with calibrated neutral density filters. A fast acting electromechanical shutter was used to control the duration of the light stimulus (Hartline and McDonald, 2 The arrival of secondary emission electrons at the anode of a photomultiplier tube gives rise to a fluctuating anode current due to the random times of arrival and the distribution of velocities. The anode current is the summation of the elementary current pulses which result when electrons strike the anode. This process occurs even in the dark ("dark current"), although at a relatively low average frequency of electron arrivals. When light shines on the tube, the average frequency of electrons increases as a function of light intensity. a The name slow potential fluctuation (SPF) has been adopted for the phenomenon under discussion rather than "bump" (Yeandle, 1958) , "discrete potential wave" (Fuortes and Yeandle, 1964) , or "discrete subthreshold potential" (Scholes, 1964) . It was felt that a name should be used which was applicable to the activity recorded in the eye in the dark, and at all levels of illumination. While the potentials appear as discrete events at the relatively low average frequencies of occurrence under dim illumination or in the dark, they cannot be distinguished in records of activity in response to greater amounts of light. In addition, the SPF's can be seen to exceed threshold and to give rise to spike action potentials under the appropriate conditions. 1947). Current was passed through the cell membrane via the recording micropipette and a bridge circuit which was part of a preamplifier with a differential cathode follower input stage.
The observed electrical activity was recorded on magnetic tape by means of an FM tape recorder. The probability density function measurement consisted of measuring the relative amount of time the tape-recorded electrical activity remained in a narrow band of amplitudes (amplitude "window") out of the total duration of the record. This procedure was repeated at a series of contiguous bands over the range of electrical activity of interest.
RESULTS
Effect of Light Intensity on Limulus Slow Potential Fluctuations
When a micropipette electrode is placed within the soma of the eccentric cell and the eye is allowed to dark-adapt for 15 to 30 minutes, spontaneous slow potential fluctuations (SPF's) of the membrane potential are observed (Fig.  1) . Stimulating the eye with light of increasing intensity, in 0.5 log unit steps, with a 10 minute period of dark adaptation between each 1 minute stimulus period, resulted in membrane potential changes, i.e., the excitatory potential, illustrated in Fig. 1 . The name "excitatory potential" is used to designate the potential difference between the (fluctuating) membrane potential and the resting potential; i.e., the (usually) time-varying component of the over-all membrane potential in contrast to the (usually) constant resting potential component.
The excitatory potential amplitude probability density functions at the different levels of light intensity are shown in Fig. 2 . There is a characteristic change in shape with increasing light intensity from a density function having a small mean and variance, through an intermediate stage of marked asymmetry, higher mean, and greater variance, and finally to a density function of still greater mean and variance, and a more symmetrical shape. This progression is similar to the one seen in the photomultiplier electron shot noise density function with increasing light intensity.
In Fig. 3 the average frequency of SPF is plotted as a function of relative light intensity. At low light intensities the average frequency of SPF increases linearly with light intensity, beginning at some initial spontaneous frequency in the dark. This holds reasonably well over a 30-fold range of relative light intensities. At higher light intensities the average frequency falls below that expected on the basis of a linear relationship. Above this light intensity the frequency becomes too great to allow adequate resolution of SPF epochs, so that the behavior of frequency must be inferred from other considerations, which will be discussed later.
The apparent analogy between the SPF's and shot noise in photomultiplier tubes was mentioned in the Introduction. The mathematical theory of shot noise has been developed by Rice (1954) and others, and was used in the research reported in this paper as an initial, quantitative model with which to organize the physiological observations. The relation of the mean and variance of a Poisson shot process to average frequency of shots, peak shot amplitude distribution, and shot shape is given below. The mean is:
where is the mean shot amplitude, F(t) is shot shape, and is average shot frequency. The variance is: Relative light intensity extrapolation of the linear portion at the highest light intensity. The deviation of the excitatory potential mean is -37 per cent and the deviation of the excitatory potential variance is -63 per cent, at the highest light intensity. The deviations are too great to be completely accounted for by the drop-off in SPF frequency (-10 per cent), and furthermore, they are unequal. These anomalies indicate that a change may be occurring in other stochastic parameters. These other parameters are (a) SPF shape, F(t), and (b) the distribution of peak amplitudes of the SPF, q(a).
The SPF shapes do not vary significantly at any of the light intensities, although there is a definite distribution of their peak amplitudes. The SPF shape at different light intensities is shown in Fig. 5 . These records are superimposed tracings of typical SPF's, made from a filmed record.
An initial inference is, in view of the above, that a and d2 are also constant over the initial 30-fold range of relative light intensities and the primary variable relating excitatory potential to light intensity over this range is v, the average SPF frequency. At higher relative light intensities, greater than the initial, thirtyfold range, one possibility that has to be considered as an explanation for the anomalous drop-off of mean and variance in relation to frequency is that a change occurred in the shot amplitude distribution. This possibility leads to a consideration of the effects of light adaptation on the different parameters, especially the shot amplitude distribution; this is done in the next section. But before going on to the next section another factor, which may influence the relationship of the variance (but not the mean) to light intensity, must be considered. This factor is a non-exponential interval distribution (non-Poisson arrivals of shots).
To test whether the intervals between SPF's were distributed exponentially, the measured interval distributions were compared, by means of a x 2 test, to theoretical exponential distributions with means equal to the measured mean values. The results of these tests are shown in Table I . A p of less than 0.05 is the usual criterion of a poor fit of the experimental data to the theoretical distribution.
The test results indicate that the experimental data do not fit exponential distributions (p < 0.05) under the conditions of light stimulation. The interval distribution for the dark condition does fit an exponential distribution (p > 0. 20) which indicates that, under this condition, the occurrences of SPF's follow a Poisson distribution.
The observations of the interval distribution data often showed the number of cases measured, in the shortest interval class (0 to 50 or 100 msec.), to be markedly less than the number expected from an assumption of an underlying exponential distribution. In order to test this more objectively, the interval distribution data without the shortest interval class were tested, for each intensity level, against the same set of theoretical exponential distributions used in the first-mentioned tests. The interval distributions for the two lowest light intensities (-5.0 and -4.5) then fit exponential distributions (p > 0.20 andp > 0.09, respectively), which indicates that for these conditions of light intensity, the occurrences of SPF's are Poisson-distributed over intervals greater than about 100 msec. and are non-Poisson distributed over shorter intervals. The interval distribution for a light intensity of -4.0 barely fit an exponential distribution when the first 200 msec. of interval classes were omitted (p > 0.07), and it was necessary to omit the first 300 msec. of interval classes in order to obtain a good fit (p > 0.18) of the interval data to an exponential distribution, for the light intensity -3.5.
The improvements in fit described above indicate that the time interval over which the occurrence of an SPF may influence the occurrence of succeeding SPF's increases as a function of the average frequency of SPF occurrences. As was mentioned before, non-Poisson occurrences of shots in a shot process may affect its variance. If the summation of SPF's in the ommatidium is a shot process, then the non-Poisson occurrences of the SPF's may affect the variance of the fluctuating ommatidial excitatory potential. These effects will be discussed in greater detail in the Discussion.
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Light and Dark Adaptation Effects on Limulus SPF's
The amplitudes of the slow potential fluctuations (SPF's) are greatly influenced by the state of light or dark adaptation of the ommatidium. Immediately after an intense light has stimulated the ommatidium, the average amplitudes of the SPF's, in response to a low intensity test stimulus, are quite small in comparison to their average amplitudes when the ommatidium is in a dark-adapted condition. During the same post-light adaptation period, the average frequency of SPF, in response to the test stimulus, is increased. The average amplitude and frequency of the SPF recover to their pre-light adaptation values (i.e., "dark-adapted" values) as the ommatidium darkadapts. The shape of the SPF appears to be invariant under the different conditions of adaptation. Detailed descriptions of these effects and of the experimental conditions under which the effects are observed, are presented below.
After the preparation has dark-adapted for a suitable period (20 to 30 minutes), typical SPF's are apparent in the excitatory potential record in response to low intensity light stimulation (stage I in Fig. 6 ). The duration of the stimulus is 1 minute. This stage (I) is the dark-adapted control. Immediately following the control, a maximal intensity adapting light (maximum intensity of a dissecting microscope lamp 5 inches from the preparation) is turned on the preparation for 30 seconds. At the end of the light-adapting period, the response to the low intensity test stimulus is recorded for a 1 minute test. The excitatory potential at this point is shown in Fig. 6 (stage II). There is a great reduction in SPF amplitudes. The small size of the SPF's and the base line noise are factors which make the SPF's difficult to see in the photograph; however, they are there. After 5 minutes of dark adaptation, the test stimulus is again presented (stage III). This procedure is repeated at two subsequent stages (IV and V) of dark adaptation. The recovery in size of SPF with continuing dark adaptation can be easily seen in the records of Fig. 6 .
The excitatory potential amplitude probability density function at each 4 Fuortes and Yeandle (1964) have reported exponential interval distributions for the dark condition and with dim light stimuli, although the fits of their data, at low light intensities, to exponential distributions, are below the usual level of confidence for X 2 tests of fit.
stage is shown in Fig. 7 . There is an abrupt decrease in mean and variance immediately after the adapting light and a subsequent recovery toward the control density function as dark adaptation ensues. Curve II' is the base line noise distribution which was taken to be equal to the excitatory potential density function without test light immediately after the stage II test. The results of calculating the mean and variance of the measured distributions at each stage, corrected for base line noise mean and variance, are plotted in Fig. 8 . Just as was seen in the two preceding figures, there is a precipitous decrease in both mean and variance following light adaptation, and a subsequent recovery of these parameters, toward the control level. Examination of the behavior of the average frequency with adaptation reveals an interesting effect. This effect can be seen in Fig. 8 where the change in average frequency at each stage of adaptation is plotted along with the previously noted changes in mean and variance; the ordinate is in terms of change relative to control level. The frequency is higher immediately after the adapting light and only gradually decreases to a frequency more than one and one-half times the control frequency, after 15 minutes of dark adaptation. This is in contrast to the behavior of the mean and variance which showed much greater relative decreases. Apparently, there has been a facilitation of the average frequency of the SPF's due to the adapting light. This is a situation which is analogous to the facilitation of spontaneous miniature end-plate potential (m.e.p.p.) frequency due to end-plate tetanization. The change in frequency of SPF's is in the opposite direction from the changes in mean and variance, and thus the parameters other than average frequency which affect the mean and variance (cf. equations 1 and 2) must be the primary factors causing the observed decreases. The four parameters related to the mean and variance of excitatory potential were average frequency (v), peak SPF amplitude mean (), peak SPF amplitude second moment (a~), and SPF shape (F(t) ). The SPF shape, F(t), remains fairly constant during the different stages of adaptation and what changes most are the a and d2 factors. Since F(t) does not change, and v increases slightly, the greatest contribution to the light and dark adaptation effects on the mean and variance of the excitatory potential appears, by inference, to be caused by changes in q(a), the peak amplitude distribution of the SPF's.
Two Classes of SPF Shape
In many of the experiments in which hyperpolarizing current has been applied to the eccentric cell membrane to stop spontaneous impulse firing, a second type of SPF shape can be seen. In contrast to the continuous, slow rising and slower falling time course of potential of the slow type SPF, the potential of the second type of SPF appears to start rising slowly, as in the first type, and then rises much more rapidly to a sharp peak, falls rapidly I FIGURE 9. Two types of SPF shapes. a and b, SPF records showing the typical slow and fast shapes. c and d, superimposition of slow and fast type to show that fast type consists of slow type plus a sharp transient component.
back to some intermediate level, and then continues on a more gradual decline. This behavior can be seen in Fig. 9 . By superimposing SPF's representative of the two types, as in Figs. 9 c and 9 d, the nature of the differences in shape can be resolved. The second type SPF (fast class) is apparently composed of a sharp, rapidly rising and falling component superimposed on the first type SPF (slow class).
The fact that the fast type is not merely the superposition of a constant sharp transient onto a variable amplitude slow type can be deduced from a distribution of peak heights of both classes such as Fig. 10 . If the converse were true, then the only difference we should see between the amplitude distributions of the two types is a shift of the slow type distribution to a different location along the abscissa; the amount of the shift corresponding to an increase in mean value of the assumed constant amplitude of the sharp transient. This is not what is found; the variance of the fast type SPF amplitude distribution is greater than that of the slow type SPF amplitude distribution which indicates that the sharp transients have a distribution peculiar to themselves. The actual numbers for the data of Fig. 10 are given in Table  II . The variance of the sharp transients' amplitudes is comparable in magni-tude to that of the slow type; thus the assumption of a constant additive transient is not justified. These transients are similar in appearance to the transients seen in the response of the eccentric cell membrane potential to a rapid release from high levels of hyperpolarization. In that situation a delayed, rapid, membrane potential transient, of apparently regenerative nature, is evoked (R. Purple, personal communication). Occasionally, in a hyperpolarized cell the depolarization produced by a light stimulus which is more intense than the stimuli used in the experiments reported in this paper will evoke rapid transients which are similar to the ones described above, and which are also presumed to be regenerative (Fuortes and Poggio, 1963) . However, the transients in the two last-mentioned cases are an order of magnitude larger than the sharp transients described in this paper, although the time courses are similar. The difference in magnitude of the effects may perhaps be ex- plained by a recruitment, under the conditions used by Purple and by Fuortes and Poggio, of the small, sharp transients described in this paper. The contention that these small, sharp transients are regenerative effects will be discussed further in a following section.
Membrane Resistance Changes during SPF's and the Effect of Polarizing Current
The results of measurements of eccentric cell membrane resistance changes during illumination of the ommatidium by a constant, subthreshold intensity light are shown in Fig. 11 . At this light intensity, SPF's are prominent and the excitatory potential has the typically fluctuating appearance illustrated many times in preceding sections. The points in Fig. 11 are distributed over a range of about 10 my above the resting membrane potential (ER), and this distribution indicates the extent of excitatory potential fluctuation. Isolated SPF's, and combinations of SPF's which have summated in varying degrees, are included in this range of excitatory potential. In all cases the points fall along a straight line, showing that regardless of the degree of summation of the SPF's, the decrease in membrane resistance is linearly related to the increase in excitatory potential. If one could observe a resistance change as large as RR, the effective membrane resistance would then be zero, and the membrane potential would then be the equilibrium potential (ER) for the SPF process. A linear relation of this type is valid over a much greater range than that shown in Fig. 11 . This has been found in experiments by W. H. Miller and F. A. Dodge (personal communication) . The relationship can be put in the form of an equivalent circuit model of the membrane, which is shown in the inset of Fig. 11 . Such a model has been described by Fuortes (1959 b) . The -AR (Megohm)
E-ER (MV)
FIGURE 11. Membrane resistance change vs. membrane potential change. The range of points includes isolated SPF's, summed SPF's, and generator potentials. Inset shows an equivalent circuit representing the eccentric cell membrane. RE, equivalent excitatory resistance in response to light stimulation; RR, resting resistance; EE, excitatory equilibrium potential; ER, resting potential. variable resistance RE changes as a function of activity (including the effects ot light stimulation), which results in some change in the total membrane resistance (RR and RE in parallel). In the resting state RR is very large so that essentially no current flows through RE and the total membrane potential (E) is then the ER plus any drop in RR due to polarizing current. As RE decreases with activity, the resulting total membrane potential (E) is a function of the two resistances and the potential difference between ER and ER. These relationships can be more specifically expressed in equations as follows- current, a low intensity test light, of the same intensity for each test, stimulates the dark-adapted ommatidium, excitatory potentials of the type illustrated in Fig. 12 are recorded. An increased magnitude of the hyperpolarizing current results in an increased amplitude of SPF and consequently an increased mean level of excitatory potential. Conversely, increasing the magnitude of the depolarizing current reduces the SPF amplitude and the mean excitatory potential. The generator potentials in response to intense light 314 THE JOURNAL OF GENERAL PHYSIOLOGY VOLUME 48 I9b4 stimuli are affected by polarizing current in a way similar to that described above.
A constant intensity test light should, if no light adaptation is occurring, produce membrane resistance changes, AR, of constant mean and variance. This statement is based on results already presented in this paper. Since RR, ER, and E are presumably also constants, the mean and variance of the change in membrane potential (AE) are, according to equation (3) .
Polarizing current (nA) FIGURE 13. Changes in excitatory potential and generator potential with different amounts of polarizing current. Solid line is a theoretically predicted curve based on equation (3) in the text.
linear function of polarizing current. The theoretical curve drawn in Fig. 13 shows this linear function for the membrane constants of the particular cell in the experiment illustrated. The relative changes in mean and standard deviation of the excitatory potential in response to a subthreshold intensity test light and the relative change in amplitude of the steady component of generator potential in response to a suprathreshold intensity test light, all measured in the same cell, are plotted in Fig. 13 as functions of polarizing current. The reason for choosing standard deviation, rather than variance, as a variable is that standard deviation is a measure of "spread" of the excitatory potential amplitude distribution in terms of potential, rather than in terms of potential r I I squared (variance). Also, in expectation of a "constant" AR, polarizing current variation was expected to have equal effect on the excitatory potential mean and standard deviation (due to a linear spread of all potential differences in the distribution). A plot of the steady component of generator potential follows the theoretical line for the entire range of currents used. However, when hyperpolarizing current was increased to more than 1 X 10-9 amp, the plot of mean and standard deviation of the excitatory potential in response to a subthreshold intensity test light deviated in a consistent manner from the theoretical line. One can infer several things from this behavior. First, the mean and standard deviation of the membrane resistance change in response to a constant low intensity light stimulus appear to be constant, when the membrane is depolarized or slightly (I < 1 X 10 -9 amp) hyperpolarized. Second, the mean and standard deviation of the membrane resistance change in response to the same constant low intensity light stimulus appear to increase, when the membrane hyperpolarizing current is greater than 1 X 10-9 amp. The latter effect may be due to a regenerative mechanism in the membrane which is similar to the one found in nerve fibers (Frankenhaeuser, 1959) . In the nerve fiber, steady hyperpolarizing current applied to the nodal membrane affects the sodium inactivation mechanism, and results in an increased peak sodium permeability in response to a transient membrane depolarization.
The behavior of the steady component of generator potential with different amounts of membrane polarization is similar to the behavior reported by Fuortes and Poggio (1963) . They also reported finding peculiarly behaving transient components of the generator potential at the onset of receptor stimulation (by light), when they strongly hyperpolarized the eccentric cell membrane.
DISCUSSION
The linear relationship of SPF frequency to light intensity over, in this case, an initial 30-fold change in relative light intensity, and the saturation of this relationship at higher light intensities contrast sharply with the situation found for muscle end-plate function. There, the frequency of spontaneous m.e.p.p. is an exponential function of presynaptic depolarizing current (Katz, 1962) .
Experiments were performed in which the micropipette was located in what in the ommatidium may correspond to the "presynaptic" region; i.e., the rhabdomere and retinular cells. Different amounts of current passed through these regions had no effect on the measured excitatory potential density functions and, therefore, presumably no effect on the average frequency of SPF. Current passing through what presumably corresponds to the postsynaptic region, i.e. the eccentric cell membrane, has no effect on the frequency of SPF, which is analogous to the effect found in the end-plate, although hyperpolarizing current did affect the characteristic shape of the SPF ("regenerative" response). One cannot infer very much from these observations on the effects of passing current through the ommatidium other than that if the SPF's are due to a synapse-like transmitter process, the rate of transmitter release does not appear to be current-sensitive, in contrast to the muscle end-plate situation.
The average rate of occurrence of photons is linearly related to light intensity and it might be expected that the relation between SPF frequency and light intensity is linear over some part of its range; the SPF's are related to the absorption of photons, although not necessarily in a one-to-one manner (Fuortes and Yeandle, 1964) .
Under conditions where the level of light adaptation was presumably not a significant factor, the mean and variance of excitatory potential were found to be approximately linear functions of the light intensity. Under these same conditions F(t) remained constant and the average frequency of SPF's was a linear function of light intensity. From this, it was inferred that the peak amplitude distribution of the SPF's did not change and that, over the initial 30-fold range of light intensities, the primary variable relating the excitatory membrane potential to light intensity was the average frequency of SPF's. Fatehchand et al. (1962) found a linear relation between what they believed to be the receptor potential, in fish rods and cones, and light intensity. That linear relation held for low light intensities and became a non-linear relation (logarithmic "saturation") for higher light intensities.
The mean and variance of excitatory potential at the highest light intensity were less than the values expected on the basis of an extrapolation of the linear relationships that were observed for lower light intensities. The deviation at the highest light intensity from a linear relation between frequency of SPF and light intensity was too small to completely account for the changes observed in the mean and variance of excitatory potential. Since F(t) did not change, it was inferred that a change occurred primarily in the peak amplitude distribution of the SPF's; i.e., in q(a). As was mentioned earlier in this paper, some part of the change in variance was probably due to the non-Poisson statistics of the SPF occurrences.
An intuitive analysis may be additionally helpful for understanding this problem. We have seen in equation (2) that when, in a shot process, events occur with Poisson statistics the variance increases as a function of average frequency, becoming, theoretically, infinite at infinite frequency. If, however, the intervals are so distributed that hort intervals are less probable than is expected on the basis of independent events, in fact, so distributed that the probability of having very short intervals approaches zero, then we would expect that at high frequencies of shots the maxima of such a non-Poisson shot process would be much smaller than the maxima of a Poisson shot process. The simultaneous occurrence of shots is excluded and we expect fewer occurrences separated by short intervals than would be predicted for a Poisson process. Since the distribution of long intervals, in the type of nonPoisson process being discussed here, does not differ appreciably from the distribution expected in a Poisson process, the minima of the shot processes in the two cases will not differ appreciably. Intuitively, therefore, we expect the variance of the non-Poisson process to be less than the variance of the Poisson process at corresponding average shot frequencies.
The reason for discussing this matter of non-Poisson shot processes so extensively is that from these considerations one may expect a certain amount of smoothing of the shot process to occur as its mean value, and therefore, its average shot frequency, increases. In the context of the neuron function, one might expect that in addition to smoothing of the excitatory potential due to the non-linear conductance-potential relation, and the effect of light adaptation in the ommatidium, smoothing occurs because of a non-Poisson distribution of occurrences of SPF's.
In the experiments on light and dark adaptation, it was found that light adaptation primarily affects the peak amplitude distribution of the SPF's, q(a), so as to reduce its mean and variance. It is difficult to assess whether these changes are primarily in the photochemical mechanism (and its role in the relationship between incident light and the immediate precursor to the SPF of the eccentric cell membrane), or in the responsiveness of the eccentric cell membrane to the SPF precursor (a chemical transmitter?).
If the conductance changes of the eccentric cell membrane in response to light are any indication of its responsiveness to the SPF precursor, then membrane responsiveness cannot be changing with light adaptation; both dark-adapted and light-adapted ommatidia exhibit the same linear relation between resistance change and membrane potential change. Assuming this to be the situation, then the main effect of adaptation may be on the photochemical mechanisms. In terms used to describe end-plate events, the "quantum" size was decreased due to a decrease in the size of transmitter ("precursor") packets. This decrease in quantum size does not occur in the endplate when end-plate potential is depressed and spontaneous m.e.p.p. frequency increases following tetanization. The end-plate potential depression is ascribed to a reduction in the number of quantal units rather than a reduction in quantum size of the individual units (del Castillo and Katz, 1954) . Thus, although the ultimate effects of light adaptation on the ommatidium and of tetanization on the end-plate are analogous, i.e. a reduction of excitatory potential and an increase of frequency of unit events, the processes underlying the ultimate effects are probably not analogous.
The average frequency of SPF's in response to a constant test stimulus is 3x7 increased following a period of light adaptation. The facilitation is analogous to the effect seen in the end-plate where, following a period of tetanization, the frequency of spontaneous m.e.p.p. is increased. The facilitatory effect of light adaptation on the average frequency of SPF's and the observation that the SPF shape does not appreciably change during adaptation emphasize the primary role of the change in q(a) as a causal factor for the observed decreases in mean and variance of excitatory potential. To return, for a moment, to the results discussed previously concerning the relation of the mean and variance of excitatory potential to light intensity, a significant amount of light adaptation appears to have occurred at the highest light intensity for which measurements were made. The non-Poisson shot occurrences which exist at suprathreshold light intensities will enhance the state of decreased variance of excitatory potential. Thus, under conditions in which the receptor normally operates (suprathreshold light intensities; a significant amount of light adaptation), the suprathreshold excitatory potential variance would probably be small compared to the excitatory potential mean, and the corresponding variance of impulse frequency would also be a small percentage of mean impulse frequency. Hartline et al. (1947) have reported the fluctuation of response of the Limulus ommatidium to a series of short light flashes of fixed, near threshold intensity. In response to some flashes, there were no nerve impulses and one or more impulses occurred in response to other flashes. The occurrence of these responses was random. The investigators also noted that the range of threshold variability was greater in the dark-adapted eye than it was in the light-adapted eye and that the mean threshold was lower in the dark-adapted eye.
The suprathreshold distribution of excitatory potential and the manner in which it changes with light adaptation seem to account for the behavior reported by Hartline. The mean and variance of excitatory potential are greater in the dark-adapted state than in the light-adapted state. This may be the reason for the lower threshold and greater variability of threshold in the dark-adapted state than in the light-adapted state, in the results Hartline reports. Wagman et al. (1949) found variability in the response of the ommatidium to a constant, near threshold intensity, light flash. In addition, they found a reduced probability of response, to flashes following a preceding flash by 2 to 5 seconds, which depended on the interval between pairs of test flashes. The effects occurred for an initial, subliminal flash followed by a second, responseproducing flash. For intervals of up to 1 second, there was subliminal summation of the flashes. With longer intervals, there was decreased responsiveness (maximum at 2 seconds) and then a return to normal responsiveness (by 5 seconds).
Again, the results of the research reported in this paper appear to be applicable. The variability of response may be due to the fluctuations of the excitatory potential about the threshold for impulse initiation. The short term depression in responsiveness could possibly be a transient and delayed light adaptation effect produced by the short flash. The subliminal summation of the effects of the flashes may be explicable as a process of summation of SPF's.
The effect of a subliminal light on the excitability and refractoriness factors which affect the threshold response of the ommatidium to a short test flash, was described in a report by Wagner et al. (1951) . The level of excitability was found to be maximal about 1 second after the onset of the subliminal light and it then decreased to a lower level which was, however, higher than the unfacilitated level of excitability. There was a refractory period which followed the cessation of the subliminal light.
A possible explanation of these effects, in terms of the present findings, is: the excitatory phase is due to the increased, subthreshold, SPF activity in response to the subliminal light. The rise time of SPF summation after the onset of the subliminal light is about 1 second. After an initial peak of activity, the SPF activity stabilizes about some lower, mean value of activity. At the cessation of the subliminal light, the SPF activity is in a light-adapted state; the time required for recovery from this state of light adaptation is dependent upon the subliminal light intensity.
The results of applying the stochastic model to the function of the Limulus ommatidium enable one to speculate about the mechanisms underlying the function. These speculations are not unlike those advanced by others (Fuortes and Poggio, 1963) . Perhaps their only virtue is that they are made on the basis of some new empirical observations relevant to the problem and on the basis of what appears to be a valid model of the receptor function. The hypothetical mechanism is the following: a spontaneous random release of a chemical transmitter from the rhabdomere regions of the retinular cells occurs continuously. This transmitter diffuses to the adjacent eccentric cell dendrite and causes a transient increase in the ionic permeability of the dendritic membrane. The increased permeability results in an ionic current flow through the membrane which gives rise to a transient membrane potential depolarization (SPF).
The action of light on the receptor is to increase the average frequency of transmitter release and thus increase its rate of arrival at the dendrite. This increase is reflected in an increased frequency of SPF's. The relationship between light intensity and SPF frequency, and therefore transmitter release, is linear over some range of subthreshold light intensities and it gradually approaches a non-linear, saturation relationship at higher light intensities.
The non-linear relationship may be caused by a rate-limiting stage connected with the formation of the transmitter rather than with its release.
The increased rate of transmitter release, due to the action of light on the receptor, results in a corresponding increase in membrane permeability, ionic current flow, and membrane potential depolarization. When the local current flow in the low threshold region of the receptor has the proper character in terms of magnitude and rate of change, impulse generation occurs.
The effect of light adaptation may be to reduce the size of the transmitter "packets" but not to reduce their frequency of release. It is hypothesized that light adaptation does not affect the responsiveness of the eccentric cell dendritic membrane to the transmitter.
The individual conductance changes in the membrane, due to the transmitter action, sum linearly and drive the membrane potential toward the excitatory equilibrium potential. As it is in other neurons and the muscle end-plate, the transmitter may be enzymatically inactivated, although in a much more sluggish manner than in the other cases. The duration of transmitter action in the ommatidium may be several hundred milliseconds in comparison to a duration of several milliseconds in other neurons and in the end-plate.
